Motivated by the interesting magnetic anisotropy found in the heavy fermion family CeTX 2 (T ¼ transition metal and X ¼ pnictogen), here, we study the novel parent compound CeAu 1Àx Bi 2Ày by combining magnetization, pressure dependent electrical resistivity, and heat-capacity measurements. The magnetic properties of our nearly stoichiometric single crystal sample of CeAu 1Àx Bi 2Ày (x ¼ 0.92 and y ¼ 1.6) revealed an antiferromagnetic ordering at T N ¼ 12 K with an easy axis along the c-direction. The field dependent magnetization data at low temperatures reveal the existence of a spin-flop transition when the field is applied along the c-axis (H c $ 7.5 T and T ¼ 5 K). The heat capacity and pressure dependent resistivity data suggest that CeAu 0.92 Bi 1.6 exhibits a weak heavy fermion behavior with strongly localized Ce 3þ 4f electrons. Furthermore, the systematic analysis using a mean field model including anisotropic nearest-neighbors interactions and the tetragonal crystalline electric field (CEF) Hamiltonian allows us to extract a CEF scheme and two different values for the anisotropic J RKKY exchange parameters between the Ce 3þ ions in this compound. Thus, we discuss a scenario, considering both the anisotropic magnetic interactions and the tetragonal CEF effects, in the CeAu 1Àx Bi 2Ày compounds, and we compare our results with the isostructural compound CeCuBi 2 . V C 2015 AIP Publishing LLC.
I. INTRODUCTION
The presence of Ruderman-Kittel-Kasuya-Yosida (RKKY) magnetic interactions, crystalline electrical field (CEF) effects and the hybridization between the f-electrons and the conduction electrons (the Kondo effect) is often responsible for the interesting variety of physical properties that can be found in Ce-based strongly correlated electron systems. [1] [2] [3] For instance, CeCoIn 5 displays quantum critical behavior, 4, 5 CeAgBi 2 presents complex magnetic ordering, 6 and unconventional superconductivity can be found in CeCu 2 Si 2 at ambient pressure and in CeRhIn 5 under applied pressure. 7, 8 However, the understanding of the role of each one of these interactions and how the competition between them can determine the properties of a heavy fermion (HF) material is still one of the most challenging scientific problems. As such, the study of structurally related series of compounds represents a great opportunity to explore the evolution of the properties along its members.
In this context, here, we revisit the CeTX 2 family (T ¼ transition metal and X ¼ pnictogen) by studying and modeling the macroscopic properties of a novel member with T ¼ Au and X ¼ Bi. Despite the recent attention given to the CeTBi 2 family (T ¼ Ni, Cu, Ag, and Pd) of antiferromagnetic (AFM) compounds, a detailed analysis of the evolution of the relevant interactions in the series is missing. 6, [9] [10] [11] [12] In particular, we have recently reported the physical properties and magnetic structure of the CeCuBi 2 compound, 13 which present an AFM ordering at T N ¼ 16 K. X-ray magnetic diffraction data below transition temperature (T N ) revealed a commensurate AFM structure with a propagation vector ð0 0 1 2 Þ with the magnetic moments aligned along the c-axis, in agreement with the large magnetic anisotropy found in the susceptibility data. Furthermore, a mean field theory with the contribution of anisotropic first-neighbor interactions and tetragonal CEF (Ref. 14) was applied and allowed us to extract the CEF scheme for CeCuBi 2 . In this regard, the T ¼ Au member is a suitable choice to explore the evolution of the interactions since it is an isovalent substitution to the already known T ¼ Cu, Ag members.
CeAuBi 2 crystallizes in the tetragonal ZrCuSi 2 -type structure (P4/nmm space group) with a stacking arrangement of CeBi-Au-CeBi-Bi layers. In this work, we present the physical properties of CeAu 0.92 Bi 1.6 studied by means of magnetic susceptibility, heat capacity, and electrical resistivity measurements. The same mean field theory discussed above, was applied to fit the magnetization data of this compound and the results show the evolution of the CEF scheme from CeCuBi 2 to CeAu 0.92 Bi 1.6 . C/h. The excess of Bi flux was removed at 350 C by centrifugation and platelets-like crystals were mechanically removed from the crucible. 15 The crystallographic structure was verified by X-ray powder diffraction and the extracted lattice parameters (a ¼ 4.647(5) Å and c ¼ 9.901(5) Å ) are larger than the ones obtained for CeCuBi 2 (a ¼ 4.555(4) Å and c ¼ 9.777(8) Å ), as expected from the lattice expansion due to the larger transition metal ion. In addition, the sample was submitted to elemental analysis using a commercial Energy Dispersive Spectroscopy (EDS) microprobe and a commercial Wavelength Dispersive Spectroscopy (WDS), which revealed the stoichiometry to be 1:0.92:1.6 with an error of 5%. Although only cleaved samples were used in our measurements, we attribute the Bi deficiency partially to the high air-sensitivity of the samples, which likely induces the formation of thin layers of Bi oxide on the surface.
Magnetization measurements were performed using a commercial superconducting quantum interference device (SQUID). The specific heat was measured using a commercial small mass calorimeter that employs a quasi-adiabatic thermal relaxation technique. The in-plane electrical resistivity measurements under applied pressure were carried out in a clamp-type Cu-Be cell using Fluorinert as a pressure transmitting medium and a low-frequency ac resistance bridge.
III. RESULTS AND DISCUSSIONS
Figures 1(a) and 1(b) show the magnetic susceptibility vðTÞ as a function of temperature for a magnetic field of 1 kOe applied parallel v k (panel 1(a)) and perpendicular v ? (panel 1(b)) to the crystallographic c-axis. These data show an AFM order at T N ' 12 K with an easy axis along the cdirection. The low temperature magnetic anisotropy can be revealed by calculating the ratio v k =v ? % 17 at T N that is mainly determined by the tetragonal CEF splitting. Same analysis has been made for CeCuBi 2 where it was found that v k =v ? % 4:5 at T N . The inverse of the polycrystalline 1=v poly ðTÞ is presented in the inset of Fig. 1(a) . A CurieWeiss fit for T > 150 K (dashed line) yields an effective magnetic moment l eff ¼ 2.55(2) l B (in agreement with the theoretical value of l eff ¼ 2.54 l B for Ce 3þ ) and a paramagnetic Curie-Weiss temperature h p ¼ À 21 K. Figure 1 (c) displays the field dependent magnetization M(H) taken at 5 K. A spin-flop transition from an antiferromagnetic to a ferromagnetic (FM) phase occurs at H % 75 kOe when the magnetic field is applied parallel to the c-axis (open circles). On the other hand, a linear behavior is observed for H? c-axis (open triangles) for fields up to H ¼ 120 kOe, which also highlights the large magnetic anisotropy of CeAu 0.92 Bi 1.6 . It is noteworthy that the sample presents a broad spin-flop transition (%10 kOe) suggesting that the stoichiometric defects introduce substantial disorder in the system. The solid lines through the data points in Figs. 1(a)-1(c) represent the best fits using a CEF mean field model discussed in detail below. Figs. 1(a)-1(c) are best fits of the data using the CEF mean field model discussed in the text. we were not able to synthesize a non-magnetic reference compound to properly subtract the lattice contribution of the total specific heat measurements. Since the La-sample does not grow and the Ce-sample is stoichiometric deficient, it is evident that the initial stoichiometry and thermal treatment used here to grow CeAuBi 2 and LaAuBi 2 are not the optimal growth route for these compounds. As such, more attempts are necessary in order to improve the synthesis route for these compounds.
As applied pressure is well known to favor the Kondo effect with respect to the RKKY interaction in Ce-based HF, we now turn our attention to pressure dependent electrical resistivity measurements in order to further investigate the presence of Kondo lattice behavior in CeAu 0.92 Bi 1.6 .
1-3 The in-plane electrical resistivity data qðT; PÞ of CeAu 0.92 Bi 1.6 are summarized in Fig. 2(b) . The electrical resistivity at ambient pressure qðT; P ¼ 0Þ shows a broad hump at about 100 K followed by a sharp drop, as typically found for Ce-based HF. 1 At lower temperatures, a kink is observed at T N ¼ 12 K due to the magnetic ordering. The evolution of the resistivity data as a function of pressure is also presented and two main features can be observed. First, the curvature at 100 K tends to shift to higher temperatures with increasing pressure. Second, the evolution of the N eel temperature (inset of Fig. 2(b) ) shows an initial increase up to P ¼ 10 kbar with a subsequent decrease up to 18 kbar. As the sample presumably presents a high degree of disorder due to the presence of the stoichiometric defects, it is not unreasonable to suppose that the application of pressure can reduce the strain distribution associated with the disorder and, as a consequence, T N initially increases. Afterward, T N start decreasing for higher values of applied pressure, suggesting that the main effect is the increase of the Kondo effect. Alternatively, pressure may also initially favor the RKKY interaction and, in turn, increase T N .
1 Nevertheless, the slope dT N /dP is relatively small and the slightly increase of the maximum of the resistivity as a function of pressure suggests that the Ce 3þ f-electrons remain rather localized in the studied pressure range, thus indicating that CeAu 0.92 Bi 1.6 displays a weak heavy fermion behavior.
In order to understand the evolution of the magnetic properties in the CeTBi 2 family (T ¼ Cu and Au), we have analyzed the data presented in Fig. 1 using a mean field model including the anisotropic interaction from nearestneighbors as well as the tetragonal CEF hamiltonian 14 for CeAu 0.92 Bi 1.6 . This model was used to simultaneously fit vðTÞ and M(H) data, with T > 20 K as a constrain. The best fits yield the CEF parameters as well as two RKKY exchange parameters, as displayed in Table I . The extracted parameters resulted in a CEF scheme with a C ð0:11j65=2i þ 0:99j73=2iÞ at 189 K and a second excited doublet C 6 ðj61=2iÞ at 283 K. It is interesting to notice that the fits converged only when two distinct J RKKY exchange parameters were considered, similarly to the CeCuBi 2 compound. Despite the fact that both compounds (CeCuBi 2 and CeAu 0.92 Bi 1.6 ) present an AFM ground state at zero field, the presence of FM fluctuations are evidenced by the presence of a spin-flop transition in the M(H) data. In addition, it is important to emphasize that although the obtained CEF scheme can fit the main features of the data shown in Figure 1 (the magnetic anisotropy, and the spinflop transition) to extract the CEF parameters from fits of the macroscopic measurements data may not be unique and/or extremely precise. To directly determine the CEF scheme and its parameters one of the best techniques to employ is inelastic neutron scattering, while X-Ray absorption data can be used to extract the mixed parameters of the wave functions. 16 Now we are able to compare the obtained CEF scheme for CeAu 0.92 Bi 1.6 with the one for the parent compound CeCuBi 2 , also displayed in Table I . Based on this comparison, one can conclude that the RKKY exchange parameters are very similar for both compounds; however, the B 0 2 parameter is roughly twice larger for CeAu 0.92 Bi 1.6 . The increase of the B 0 2 value can account for the higher v k =v ? ratio of the magnetic susceptibility data found for the later compound, suggesting that the CEF effects can explain the magnetic anisotropy difference found for the CeTBi 2 family. It is worth emphasizing, however, that the unexpected lower N eel temperature value found for CeAu 0.92 Bi 1.6 can be explained by the presence of disorder in the system, which is known to compete with the magnetic coupling. This effect indicates that higher transition temperatures may be achieved for less disordered samples.
Therefore, the analysis presented here suggests that the Ce 3þ 4f electrons behave as localized magnetic moments for CeAu 0.92 Bi 1.6 . The only indication of a possible heavy fermion behavior is given by the electrical resistivity under pressure measurements. As such, one may speculate that the strong local moment character of the Ce 3þ 4f magnetism in both CeCuBi 2 and CeAu 0.92 Bi 1.6 is a dominant trend in CeTBi 2 family (T ¼ transition metal), which in turn does not favor the emergence of superconductivity in this family.
In fact, the only example of a heavy fermion superconductivity in this family has been reported by a recent work on polycrystalline samples of CeNi 0.8 Bi 2 , 11 which present an AFM transition at $5 K and a superconductor transition at $4.2 K. The superconducting phase was attributed to the presence of Ni vacancies that would presumably create a different ground state. However, later works have suggested that the superconductivity is more likely to be associated with secondary phases such as Bi thin films and/or the binaries NiBi and NiBi 3 . 12, 17 In particular, besides shedding light on the controversy about the bulk superconductivity in CeNi 0.8 Bi 2 , detailed studies of the physical properties of CeNi x Bi 2Ày (for x ¼ 0.62, 0.70, 0.74, and 0.78) single crystals have also found an enhancement of both the B 0 2 parameter and the T N as a function of Ni concentration along the series. 17 Thus, the evolution of the Ce 3þ CEF scheme causes the doublet ground state to become more isolated from the excited states as one approaches the Ni-rich end. This effect favors the AFM ordering and increases the transition temperature along the series. As such, these results seem to corroborate with the present local moment scenario of the Ce 3þ ions in the CeTBi 2 family (T ¼ transition metal).
IV. CONCLUSIONS
In conclusion, the magnetic properties of CeAu 0.92 Bi 1.6 are investigated by means of temperature dependent magnetic susceptibility, pressure dependent electrical resistivity, and heat-capacity measurements. Our data reveal that CeAu 0.92 Bi 1.6 orders antiferromagnetically at T N ' 12 K, although a higher ordering temperature is expected for Austoichiometric samples. The detailed analysis of the macroscopic properties using a mean field model with a tetragonal CEF allows us to obtain the CEF scheme for the studied compound and to understand the evolution of the magnetic anisotropy presented in the CeTBi 2 family (T ¼ Cu and Au). The combined analyses in this investigation suggest that CeAu 0.92 Bi 1.6 presents a localized Ce 3þ 4f electrons subjected to dominant CEF effects and anisotropic RKKY interactions.
